Featured Application: A model studied in this article, which allows for a good representation of behavior of notched geometry and less mesh dependence, is expected to benefit the design process of complex composite structures.
Introduction
Several studies are being conducted on composite materials to design structures in engineering. In addition to aeronautical fields that have been investigated extensively, studies are being performed in a variety of fields such as the automobile and naval manufacturing industries. In structural design, geometric discontinuities, such as holes and notches, should be studied. Discontinuities in materials can serve as advantages in areas such as sound scattering [1] . However, they can also pose critical issues as they can cause stress concentrations in structural design and determine the overall structural life. Furthermore, in designing structures using composite materials, it is important to verify and predict the failure behavior of a composite material with its complexity. Progressive failure analysis (PFA) has been studied for a long time and is a prominent tool used to predict the failure of composite materials. Various studies have been conducted to investigate the failure behavior of composite materials using PFA. The Matzenmiller-Lubliner-Taylor (MLT) damage variable [2] is currently being used as a typical PFA tool. Furthermore, PFA models have been proposed in many studies. Various studies on the application of these suggested models in the design of composite structures have been conducted. Chang et al. [3] studied the progressive failure behavior of notched T300/1034C graphite/epoxy composite laminate. Stress and failure analysis studies were conducted, and it was confirmed that the suggested PFA model demonstrated a good correlation with the experimental results. This model used the damage variables while taking into consideration the reduction in area induced during the failure. Su et al. [4, 5] performed an open-hole compression test using a composite laminate. Furthermore, the size effect of open-hole compressive tests was investigated. Using the crack band model, a PFA tool was developed. Additional cohesive elements were introduced using the finite element method (FEM) model to observe the delamination behavior. A PFA model using the crack band model [6] was suggested to alleviate the mesh dependency of the result. Lapczyk et al. [7] suggested a PFA model using the crack band model. The suggested model demonstrated good mesh independency and predicted the failure behavior of the notched composite laminate. Some studies pertaining to viscosity factors for FEM efficiency were conducted. Riccio et al. [8] used a crack-band-model-applied PFA model to predict the failure behavior of stiffened composite panels. The applied PFA model predicted the failure behavior of composite panels well and demonstrated less mesh dependency. The less mesh dependency of the crack-band-model-applied PFA model can be easily used to predict the failure behavior of complex composite structures. Kodagali et al. [9] suggested the PFA model using the Puck failure criterion. The model used instantaneous softening behavior during the PFA. Element weakening and constant stress exposure methods were introduced in the PFA model. In comparison to the open-hole tensile test and digital image correlation (DIC) results, the efficiency of the suggested model was verified. This model effectively predicted the failure behavior of the composite laminate regardless of the stacking sequences. The failure behavior of the T300/1034C carbon/epoxy composite laminate was also studied using this model. Strain fields obtained from DIC results of the composite material were also investigated. Using DIC, Jiang et al. [10] measured the J-integral value of dental ceramics. The obtained strain values using DIC were used to measure the J-integral value according to Paris' equation. To verify the path independency of the J-integral, some studies were performed using various contour sizes. Catalanotti et al. [11] conducted a similar study on the composite laminate. Using the compact tension (CT) and compact compression specimens of unidirectional carbon-fiber-reinforced epoxy composite, CT tests were conducted, and the strain field was obtained using DIC. The J-integral value was calculated using the strain values and the fracture energy value was finally obtained according to some assumptions. Many studies have been performed [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] on the failure behavior of an open-hole composite laminate. However, studies regarding the validity assessment of the suggested PFA by comparing it to the values obtained from experimental studies are scarce.
In this study, the crack-band-model-implemented PFA model was developed using the commercial FEM software program ABAQUS and a user-defined material subroutine (UMAT) code to predict the behavior of a composite laminate containing an open-hole. For this investigation, linear gradual softening behavior was assumed. The mesh dependency of the suggested PFA model was studied to confirm the benefits of the PFA model. To evaluate the developed PFA model, experimental load-displacement data and strain values obtained using DIC were compared with the PFA results. After the evaluation, the failure behavior of the open-hole composite laminate specimen was investigated.
Development of Progressive Failure Analysis

Progressive Failure Analysis
Generally, PFA is performed to reduce the stiffness of the composite materials based on the damage initiation criteria and evolution behavior. Some material property degradation models have been proposed (e.g., instantaneous softening, gradual softening, or constant stress at failure material point) as shown in Figure 1 . The linear gradual degradation model (GDM) was used in this study to describe the behavior of a composite material. The material behavior displays linear elastic behavior until damage initiation. By observing the linear softening behavior, the stress is reduced progressively when either the displacement or strain increases. When a composite material is being damaged, its stiffness matrix is replaced by the damaged stiffness matrix. Equation (1) shows the damaged stiffness matrix, where all the "C ij " values include the damage variable, d, according to its directions.
(1) The subscripts 1, 2, and 3 denote the directions on the coordinate. The parameters d f , d m , and d s are damage variables for the fiber, matrix, and shear damage, respectively, which range from 0 to 1. Additionally, 0 and 1 imply undamaged status and complete damage status, respectively. As material failure occurs, the damage variables approach 1. When performing a PFA, the failure criteria are verified to detect failure in materials in terms of the effective stress that reflects the damaged stress status at each analysis increment. The effective stress, σ , is as follows:
Damage Initiation and Evolution
During PFA, failure initiation should be detected to apply the damage evolution model. In this study, damage initiation was evaluated using the Hashin failure criterion [22, 23] . Using this criterion, failures at the "fiber tension/compression" and "matrix tension/compression" modes can be evaluated. The following equations are the Hashin's criteria at each failure mode:
Matrix tension failure :
Matrixcompressionfailure :
The failure criterion parameter, " f I ", is calculated using the effective stress values (mentioned in Section 2.1) to evaluate the failure in the composite material. "I" can be replaced by ft, fc, mt, and mc, meaning fiber tension, fiber compression, matric tension, and matrix compression, respectively. Failure occurred when the failure criterion parameter is "1." Once the failure was initiated, the damage variable was calculated to obtain the damaged stiffness matrix. The crack-band-model-applied damage model was used in this study. To obtain the damage variables, an equivalent displacement and an equivalent stress were calculated based on the relationship provided in Figure 2 .
The equivalent displacement and stress at each failure mode can be calculated according to the following equations:
<Fiber tension failure mode> <Matrix compression failure mode>
where L c is the characteristic length and " " refers to the Macaulay brackets. The definition of the Macaulay brackets is as follows:
To calculate the damage variables at each failure mode, the "equivalent displacement and equivalent stress at the initial failure state" and the "equivalent displacement at the final failure state" should be obtained. Using the failure criterion parameter, f I , the equivalent displacement and stress at the initial failure state can be obtained as follows:
<Equivalent displacement at the initial failure state>
<Equivalent stress at the initial failure state>
The superscript "0" implies the failure initial state. The equivalent displacement at the final failure state can be calculated using the crack band model [6] .
<Crack band model>
Using the equivalent stress and equivalent displacement, a damage variable at each failure mode can be calculated based on the following equation:
As the damage initiates and propagates in the material, the variable gets incremented from 0 to 1. Damage variables are applied to the stiffness matrix based on each failure mode while considering the effective stress condition.
Damage variables were considered in the damaged stiffness matrix in the form of (1 − d I ), as shown in Equation (2). Consequently, an increase in the damage variables induced a decrease in the stiffness matrix.
Material and Test Procedures
Composite Material and Test Specimen
A T700/epoxy composite laminate was used in this study. The mechanical properties of the composite material are shown in Table 1 . All the properties were obtained from material tests conducted according to ASTM standards [24] [25] [26] and some references [27] [28] [29] . To validate the developed PFA method, tensile and compressive tests were performed for composite laminate specimens with open holes. The test specimen geometry and dimensions are presented in Figure 3 . Some strain gauges were attached near the open-hole (2-2.5 mm apart from the hole edge) to measure the longitudinal strain value. The location of the attached strain gauges is illustrated in Figure 3 . One of two holes were applied to the composite laminate specimen as a notch. The composite laminate was manufactured with two types of stacking sequences. The stacking conditions are listed in Table 2 . The type-2 stacking sequence was only introduced to the one-hole tensile test specimens. A type-1 specimen exhibits a 90-degree orientation ply in the middle of the laminate. The specimens contain eight plies and the measured specimen thickness was 1.2 mm. To apply the DIC method, spackle patterns were introduced on the surface of the specimens. 
Test Procedures
Tensile and compressive tests were performed using the MTS810 hydraulic test machine. A displacement control of 1 mm/min and −2 mm/min were applied to conduct static tensile and compressive tests, respectively. The compressive tests were conducted according to ASTM D6484 [30] . The standard suggests that these procedures perform the open-hole composite compressive tests without buckling the specimen. The designed test fixture according to the standard is shown in Figure 4b . The support parts of the fixture were assembled using bolts. The bolts were fixed at 7 N-m according to the method given in the standard. The test configuration for the tensile and compressive tests is presented in Figure 4 . During the test, a CCD camera was used to capture the images of the specimen until the test was completed. The captured images were used to perform DIC. The DIC analysis was conducted using the VIC-2D software program. Through the DIC method, the strain field of the specimen surface that varies during the test can be obtained. Strain measurement was conducted using strain gauges as well as the DIC method. The strains measured by the gauge and DIC were compared. The reason for performing strain measurements is to compare the results with the PFA results. The strain gauge data sampling, load data sampling, and image capture rates were set to 100 Hz. 
FEM Procedures
Three-dimensional FEM analysis was conducted using the commercial software program ABAQUS. To perform PFA, a UMAT code was developed and applied to the FEM procedure. The material properties obtained from the experimental results were introduced, and the stacking sequences were arranged according to the specimen type as depicted in Tables 1 and 2 . The linear hexahedral C3D8 element was used to construct the model, which is displayed in Figure 5 . For the tensile test, the left side of the model was fixed, and a 2 mm displacement was applied to the right side of the model. For the compressive test, the out-of-plane displacement was constrained while following ASTM D6484. In addition, the applied displacement at the right edge was changed to −2 mm. To verify the mesh dependency of the PFA results, the mesh numbers were controlled near the open hole, as shown in Figure 6 . Figure 7 shows the load-displacement curves of the PFA results with different mesh cases explained in Section 3.3. The crack band (CB) model applied PFA (CB-PFA) shows less influence with mesh dependency. This is because the elements of the model are fractured, and the fracture energies are the same in each failure mode (fiber tension/compression, matrix tension/compression) [7] . Figure 8 shows the normalized maximum load variation according to the total number of elements of the PFA model conducted with the CB and MLT model, respectively. The MLT model implemented PFA (MLT-PFA) [1] is the most commonly known PFA model, and this has been used in various studies [2, [31] [32] [33] . The normalized maximum load was calculated by dividing the predicted load by the experimental load. As shown in Figure 7 , despite the difference of 11 times the number of elements, only 8.5% of the maximum load error was observed in the CB-PFA model. For the quantitative study, this was compared to the results obtained from the MLT-PFA model. The results of the MLT-PFA model showed an error up to 10% in comparison to the CB-PFA model even though the number of elements was similar to the CB-PFA model. As the results converged towards the experimental results, the CB-PFA model results displayed lower errors than the MLT-PFA model. The small mesh dependence of the CB-PFA model results from the damage variable were calculated using the CB model. In the damage variable, the equivalent displacement at the final failure state was calculated in consideration of the fracture energy of the material (Equation (9)), and the fracture energies at each failure mode had a constant value. Therefore, each element failed when considering the constant fracture energy regardless of the element size. As a result, the PFA model of this study has less mesh dependency. The small errors were induced from the difference in the element aspect ratio in CB-PFA model [7, 8] . Figure 9 illustrates the tensile load-displacement results of the one-open-hole tensile tests and the PFA. Composite specimens that were fractured at the end demonstrated a sudden decrease in the tensile load. The maximum load of type-1 is lower than type-2; this is because a type-1 specimen contains 90-degree plies in the middle of the laminate. The PFA results indicate the stiffness of the composite material well. The maximum load difference between the experiment and the PFA results was only 2.30% and 0.59% for the type-1 and type-2 specimens, respectively. The stiffness and strength were predicted for all of the specimen cases. This indicates that the suggested PFA model can be applied regardless of the specimen stacking sequence. Figure 10 Figure 11 shows the test and analysis results for the two-open-hole composite specimens under the tensile and compressive loading conditions. Similar to the one-open-hole cases, the suggested PFA model accurately predicted the stiffness and strength regardless of the loading conditions. The PFA model predicted the strength accurately in the range of 2.58% and 0.79%, respectively, under tensile and compressive loading conditions. The stiffness values were also accurately predicted in the range of 3.47% for the tensile test condition and 3.15% for compressive test condition. These results show that the developed PFA model can predict the strength and stiffness of the composite laminate accurately regardless of the stacking sequence, load direction condition, and notch effect. 
Results
Mesh Dependency Study
Evaluation of Load-Displacement Behavior
Evaluation of Strain Behavior
To evaluate the strain behavior predicted by the developed PFA method, strain values were compared to those obtained from the DIC. Figures 12 and 13 show the longitudinal strain (ε xx ) contour obtained from the PFA and DIC results at the fracture moment, respectively. The applied displacement direction is up and down. The strain values were concentrated near the open hole because of the stress concentration induced from the geometric discontinuity. When comparing the PFA and DIC results, the legend range of DIC was matched with the PFA result contour and it can be verified that the overall strain distribution was similar for the PFA and DIC. For the one-open-hole tensile case, the maximum value observed from the PFA result was 0.01873 while the DIC result was 0.01804. Likewise, in all other cases, the strain values obtained from the PFA were compared to those of the DIC; the values were observed similarly. Furthermore, the strain values obtained from the PFA and DIC were compared to the measured values by strain gauges. Figures 14-17 show the maximum longitudinal strain values obtained from the strain gauge, PFA, and DIC at the same point for open-hole tests. Figures 14a, 15a,  16a and 17a show the location of the attached strain gauges. The point was selected based on the position of the strain gauge. Figure 14b,c, Figure 15b,c, Figure 16b ,c and Figure 17b ,c show the mean values of the strain values measured by the strain gauges. The maximum error was 9.74%, which was observed in the two-open-hole compressive test case; other cases had a lower error. According to this comparison for specific strain values at each location, it can be verified that the developed PFA model is effective in predicting the strain behavior of the notched composite laminate regardless of the tensile or compressive loading conditions and stacking sequences. 
Failure Behavior Observation
Using the developed PFA model, the failure behavior of the composite laminate was observed. Figure 18 shows a magnified load-displacement curve for the type-1, one-open-hole tensile PFA result with the calculated damage variable contour. If the calculated damage variable is "1," it implies that it is fractured completely at the corresponding failure mode. Figure 18a -d are pointed on the graph according to the time when each damage variable became 1 or greater and when final fracture occurs. First, it was observed that the shear failure damage variable becomes "1" or more before the displacement reaches 1.6 mm. As the displacement exceeds 1.6 mm, the damage variable is "1" at the matrix tension failure mode. At the fiber tension failure mode, the damage variable became "1" after the maximum load; thus, resulting in the complete fracture of the composite specimen. Fracture was initiated from the open-hole edge because of the stress concentration. Figure 19 shows a load-displacement curve for the type-1, two-open-hole compressive PFA result with the calculated damage variable contour. Figure 19a -c was selected to observe the damage behavior during the analysis. Figure 19a ,b is the point where the shear and matrix compression failure damage becomes "1" or greater, respectively. Figure 19c is a point where the final fracture occurs. Compressive damage behavior displays some different behavior from the tensile analysis result. Tensile failure behavior shows the final load drop with fiber failure damage; however, compressive failure behavior shows the final load drop occurred with shear and matrix failure damage. After the maximum compressive load point, the shear and matrix compression failure damage variable became "1" or greater; hence, final fracture occurred as the displacement increased. At the final load drop state, the fiber compression failure damage variable did not reach "1". These behaviors can also be observed with the test specimens. Figure 20 shows the fractured test specimens for the tensile and compressive tests, respectively. Figure 20a demonstrates that the specimen was completely fractured in two pieces while Figure 20b illustrates that the fractured specimen is in one piece. It is because at the final fracture of the compressive test, the fibers did not completely fracture. The fracture was initiated from the open-hole edge because the stress concentration was similar to the tensile cases. The side view for the tensile specimen exhibits catastrophic fracture, as evidenced by the fiber breakage shown in Figure 20a . However, as shown in Figure 20b , the compressive test specimen was mainly fractured in the shear failure mode [25, 34, 35] , and the fibers were not completely broken. These results confirm again that the developed PFA model can accurately predict the failure of the composite laminates. 
Conclusions
In this study, the PFA model was developed using a crack band model. Using the Hashin criteria, failure initiation was detected at various failure modes. The damage evolution behavior was calculated based on the crack-band-model-implemented damage variables. To verify the effectiveness of the suggested PFA model, the test results of the open-hole composite laminate were compared to the analysis results. The conclusions drawn from this study are as follows.
(1) The developed PFA model demonstrated results that were less-mesh-dependent in comparison to the MLT-PFA model that has been used in various studies. The lower mesh dependency occurred because each element failed when considering the constant fracture energy regardless of the element size when using the damage variable in the crack-band-model. ( 2) The analysis results were in good agreement with the experimental ones regardless of the stacking sequences, the number of notches, and the loading direction. This conclusion was determined by examining the load-displacement behavior and the strain distribution of the PFA results while doing a comparison to the experimental results. (3) Using the developed PFA model, the failure behavior of the composite laminate containing open holes was studied. Tensile failure behavior shows a final load-drop induced from the fiber failure damage while the compressive failure behavior shows that the final load-drop occurred by shear and matrix failure damage. The different fracture mechanism according to the loading direction was confirmed by comparing the fractured specimens.
As a result, it was verified that the developed PFA model can accurately predict the failure behavior of the composite laminate with less mesh dependency. The suggested model, which allows for a good representation of behavior of the notched geometry and less mesh dependency, is expected to benefit the design process of complex composite structures. In addition, it is considered that such advantages may be useful in predicting the structural health in the field of sound absorption that uses the geometrical discontinuities as a design factor (e.g., rigid inclusions and cavities in a host material [1, [36] [37] [38] ). 
